ABSTRACT: Marine reserves may not only protect populations within their borders but also subsidize harvested populations outside through the spillover of either adults or planktonic larvae. The conservation benefits of marine reserves are well documented, and a growing body of evidence suggests that the spillover of large adults from reserves can enhance fisheries for highly mobile species. However, the proposed benefit to fisheries through larval export, a crucial benefit for the many marine species without highly mobile adults, remains controversial. We tested for larval export by estimating larval production and recruitment patterns of a harvested intertidal mussel, Perna perna, insideand a range of distances outside -3 marine reserves in South Africa. Within the borders of 2 reserves, mussels were more abundant and larger than outside the reserves, with significantly higher expected production. Recruitment was highest inside these reserves and declined exponentially with distance. In the third region, where harvest outside reserve boundaries is carefully managed by community members, no differences in production or recruitment inside versus outside the reserve were found. Where production and recruitment were enhanced, we used the inverse relationship of recruitment with distance from the reserves to determine the spatial scale and magnitude of larval export. Our results suggest that larval export from these reserves enhances recruitment to fished areas within several kilometers. This study supports the idea that increased production in reserves may subsidize fisheries outside their borders, even for species with immobile adults.
INTRODUCTION
Marine reserves have been shown to harbor denser populations, larger individuals, and higher biomass of exploited species (Halpern 2003) . The higher densities and larger individuals in reserves are expected to lead to greater production of larvae than in nearby fished areas (Palsson & Pacunski 1995 , Manriquez & Castilla 2001 , Branch & Odendaal 2003 . Therefore, reserves are predicted to enhance adjacent fisheries through not only the movement of adults (Kellner et al. 2007) but also the export of larvae produced in reserves to sites outside their boundaries (Gell & Roberts 2003 , Halpern & Warner 2003 . Recent studies have found evidence that the spillover of mobile adults protected inside reserves may enhance nearby exploited populations (McClanahan & Mangi 2000 , Roberts et al. 2001 , Russ et al. 2004 . What is less clear is how reserves influence unprotected populations through the export of larvae released by the more productive populations in reserves (Stobutzki 2000 , Palumbi 2004 , Gaylord et al. 2005 . Whether larval export can substantially enhance fished populations remains controversial and depends in part on the scale of connectivity by larval dispersal (Halpern & Warner 2003 , Hilborn et al. 2004 ). Determining whether this potential fisheries benefit occurs, and on what spatial scale, has been defined as one of the major research gaps in marine reserve science (Sale et al. 2005) .
Despite the importance of this information, few studies have measured larval export from reserves. Studies of scallops in Georges Bank (Murawski et al. 2000) , scallops and murex in the Gulf of California (CudneyBueno et al. 2009 ), and clams in Fiji (Tawake et al. 2001 (Tawake et al. , 2002 found increased larval abundances near reserves after the onset of protection. Settlement and larval abundances were higher at sites near reserves than at more distant sites for harvested Queen conch in the Bahamas (Stoner & Ray 1996 , Stoner et al. 1998 and scallops in the Isle of Man (Beukers-Stewart et al. 2005) . Hockey & Branch (1994) found a decline in juvenile limpet abundance with distance from a refuge site in Tenerife, suggesting that the larvae produced in the reserve may spill over outside its boundaries. However, the evidence for larval export from reserves remains remarkably scarce (Sale et al. 2005) , and in general the studies that have found a signal for larval export do not address the spatial scale and magnitude of this effect.
Here we take advantage of the abrupt change in expected production of larvae found near the edge of many marine reserves with intense fishing outside to test the prediction that marine reserves act as enhanced sources of larvae to surrounding areas. We predict that reserves with enhanced production of larvae will export larvae to nearby fished areas, thereby benefitting the exploited sites. While measuring larval abundance is often infeasible, recruitment or settlement of newly metamorphosed larvae into appropriate adult habitat may reflect patterns of larval abundance (Gaines et al. 1985) . We predict that where expected larval production is substantially higher inside marine reserves, recruitment will be enhanced near reserves because of larval export, but for species or regions where there wais no difference in production inside versus outside reserves, recruitment will not be affected by distance from the reserve. In addition, where larval export is occurring, the spatial pattern of recruitment near the reserve will provide insight into the magnitude and spatial scale of the larval export effect.
The focal species for this study is the brown mussel Perna perna (Linnaeus, 1758) , a common intertidal mussel in South Africa. Though not commercially harvested, it has been subject to subsistence harvest in South Africa for thousands of years (Marean et al. 2007) , is an important food source for subsistence harvesters throughout South Africa today, and is found in significantly reduced abundances and sizes where heavily harvested (Siegfried et al. 1985) . P. perna is a broadcast spawner, with a pelagic larval duration (PLD) of approximately 10 to 20 d (Siddall 1979 (Siddall , 1980 . While this PLD gives the mussel the potential for moderately long-distance dispersal, with an estimated mean dispersal distance of about 26 to 65 km based on oceanographic models (Siegel et al. 2003) , larvae of coastal species with PLDs in this range may be retained in the coastal boundary layer for days and may on average disperse only a few kilometers from source populations (Swearer et al. 2002 , Largier 2003 . Therefore, we expect recruitment of P. perna, which lives only in the very nearshore environment, to decline with distance over several kilometers from reserves if production is higher inside reserves than outside and larval export is occurring.
In addition, within one region, we measure the abundance and recruitment of the unharvested eightshell barnacle Octomeris angulosa (Sowerby, 1825), which has a PLD of about 10 to 30 d, to serve as a comparison. Because O. angulosa is not harvested in the region, we expect that the abundance of the barnacle will be similar inside and outside the reserve, and there will be no pattern of recruitment with distance from the reserve. Overall, this comparison of unharvested and harvested species within a region as well as the harvested species across regions allows this study to distinguish reserve effects on recruitment.
MATERIALS AND METHODS
Study sites. The rocky coast of South Africa is subject to intense harvesting of a wide range of intertidal invertebrate species (Griffiths & Branch 1997 ), yet boasts a set of monitored, enforced, and well-managed marine reserves (Branch & Odendaal 2003) . This situation creates an ideal environment for studying dispersal from protected areas of high abundance to intensely harvested surrounding areas. The intertidal system is particularly well-suited for this study, because the distributions of intertidal species are approximately linear (alongshore), allowing settlement patterns to be more clearly discerned.
We focused on 3 reserves in South Africa. The Goukamma Nature Reserve is located on the southern coast in the Eastern Cape province. The DwesaCwebe Nature Reserve is in the Transkei region of the Eastern Cape. The Mapelane Nature Reserve is on the northeast coast in Kwazulu-Natal (Fig. 1) . We conducted the field research in April and May 1999 in Dwesa-Cwebe, July and August 2005 in Goukamma, and August and September 2006 in Mapelane. The 3 reserves sampled in this study are located in distinct biogeographic provinces, with vastly different productivity and oceanographic regimes as well as characteristic mussel densities and recruitment rates (Harris et al. 1998 , Reaugh 2006 .
Because of the effects of biogeography, inter-annual variability, and differences in methodology (see below), we did not directly compare the magnitude of recruitment across regions. Instead, we directly compared recruitment rates within regions, while comparing spatial patterns of recruitment (e.g. whether recruitment declines with distance from reserves) across regions. The inclusion of 3 reserves helps clarify whether spatial patterns result from reserve protection or natural spatial variability.
The Goukamma Nature Reserve has been protected since 1990. Reserve regulations, which permit line fishing but prohibit taking of all rocky intertidal organisms, are closely enforced by rangers during all spring tides. In addition, the middle of the reserve is inaccessible by car without assistance from the reserve staff, granting it further protection from poaching. Recreational harvesting in the intertidal zone is common outside the reserve. We sampled recruitment and production at one site at the reserve center (Oyster Beds), one site at the reserve boundary (Platt Bank), and 3 sites at various distances outside the reserve (Brenton, Gerickes, and Wilderness). We selected 4 subsites at Platt Bank and 2 subsites at Oyster Beds. Subsites were 100 to 500 m apart, and all data were averaged across subsites.
The Dwesa-Cwebe Nature Reserve has been protected from harvesting since 1975, while surrounding areas have a long history of exploitation, with pressures increasing in recent years (Branch & Odendaal 2003) . We estimated abundance and biomass density of Perna perna in this region from previously published literature (Lasiak 1999 ) and sampled recruitment at Dwesa, located inside the reserve, and 4 exploited sites south of the reserve: Nqabara Point, Nqabara, Shixini North, and Shixini South. At each site except Shixini South, 2 subsites about 100 m apart were selected.
The Mapelane Nature Reserve, protected since 1984, is located on the southern end of the Greater St. Lucia Wetlands Park and bordered by the St. Lucia estuary to the north. The local Sokhulu community harvests Perna perna, an important subsistence resource for the community, from the mussel beds south of the reserve, while only very restricted recreational harvest is permitted in the reserve. We measured production and recruitment at 2 protected sites in the reserve (Railway and Zavini) and 4 exploited Dwesa-Cwebe (est. 1975), and Mapelane (est. 1984) sites south of the reserve (Lighthouse, Nyokanyani, Dingini, and Dawson), each separated by about 5 km, with 2 subsites between 100 and 500 m apart at all sites except Lighthouse and Dawson. Within each region, we chose sampling locations inside and outside reserves for similarity in wave exposure and topography. Substrate types were similar at all sites within and outside the Dwesa-Cwebe and Mapelane reserves. In the Goukamma region, substrate type was highly variable, and we selected continuous sandstone bench and sand-scoured sandstone patch sites (all sites shown in Fig. 1 ) for recruitment and production sampling, as well as limestone sites for production sampling only, with all substrate types represented both inside and outside the reserve. Due to logistical constraints of the study, we were not able to have subsites at all sampling sites, and were able to sample only at sites on one side of each the Mapelane and Dwesa reserves, with all but one of the sites outside Goukamma on one side of the reserve. In addition, the environmental (e.g. substrate type) differences between regions as well as set sampling standards within individual reserves led to different procedures for measuring production and recruitment for each region, detailed below.
Production and the reserve effect. Goukamma: In Goukamma, we estimated gonad mass per area inside and outside the reserve using survey data on size structure, abundance, and the function of gonad mass at length, and we used gonad mass per area as a proxy for larval production. We estimated adult (>15 mm) Perna perna abundance by counting individuals in a 0.25 m 2 quadrat at 1 m intervals along 20 m transects parallel to shore in the mussel zone. We determined mussel length to the nearest 0.1 mm using dial calipers by measuring 150 ind. randomly chosen along the transect. In addition, we haphazardly selected 50 mussels spanning a range of sizes to dissect for gonad mass measurements to determine the function of gonad mass at length. Using an estimated function for gonad mass at length rather than comparing direct measurements of gonad mass among sites reduced the uncertainty introduced by high temporal and spatial variability in reproductive output.
As a comparison with the harvested mussels, we also measured the percent cover of the unharvested barnacle Octomeris angulosa inside and outside the Goukamma reserve from photo quadrats taken at 1 m intervals along the transect.
Of all regions in our study, only Goukamma had a highly heterogenous habitat distribution, with differing habitat quantity and quality inside versus outside the reserve. Production of larvae may be affected not only by protected status but also by the distribution of suitable mussel habitat. We therefore analyzed production in the Goukamma region by accounting for 2 factors, substrate type and protection status (see 'Data analysis'), to determine how production varied with both factors. To account for the effect of habitat, in addition to sampling at each rocky substrate type (limestone, sandstone bench, and sandstone patch) both inside and outside the reserve, we used georeferenced satellite imagery from Google Earth (http:// earth.google.com) to determine and record substrate type for alongshore locations at 0.016 km intervals across the entire Goukamma region, and calculated average production estimates for each protection status/substrate type combination. Then we used these values to create an array of estimated production values across each study region. This allowed us to convert the production estimated from quadrats placed within mussel habitat ('local production') to an estimated production per unit length of coastline, by accounting for the abundance of suitable habitat per unit length of coastline. Within each substrate type, comparisons of local production inside the reserve versus outside the reserve serve as an indicator of the reserve effect, while comparisons of production per unit length of coastline inside versus outside the reserve are more appropriate for predicting differences in overall larval production inside and outside the reserve. These calculations were conducted for both estimated larval production of mussels and barnacle percent cover data.
Dwesa: In the Dwesa region, we used previously published estimates of biomass inside and outside the reserve as a proxy for larval production. Several previous reserve studies have found that changes in estimated larval production or reproductive output in reserves were similar in magnitude to changes in biomass (Kelly et al. 2000 , Paddack & Estes 2000 , Beukers-Stewart et al. 2005 , Evans et al. 2008 , although in other cases production has increased more than biomass in protected areas (Sluka et al. 1997 , Manriquez & Castilla 2001 , Branch & Odendaal 2003 , Willis et al. 2003 , Kamukuru & Mgaya 2004 . The difference in biomass inside versus outside the Dwesa reserve therefore serves as a conservative proxy for the difference in larval production.
Mapelane: In the Mapelane region, as in Goukamma, we estimated gonad mass per area and used this calculation as a proxy for larval production. To estimate gonad mass per area, we measured the length of each adult mussel (>15 mm) collected in three 100 cm 2 samples of 100%-cover mussel bed during each tide series at each sampling location to determine size structure and counted Perna perna adults in a 0.25 m 2 quadrat along a transect to determine abundance. We dissected haphazardly collected mussels of a range of sizes to estimate gonad mass at length. Recruitment, dispersal, and larval export. We measured recruitment of mussels in a combination of natural, in situ substrate and standardized collectors at each site. Although recruitment of larvae may be highly episodic and reflects not only larval supply but also transport and delivery events (Pineda et al. 2007 ), large and consistent differences in larval supply (as when there is a strong gradient in production due to protection in a reserve) are expected to be reflected in patterns of recruitment. Patterns of recruitment across the different collector and substrate types were qualitatively similar within each region, so we combined recruitment data from various collector types into a standardized recruitment index. Where production was enhanced in the reserves and recruitment declined with distance from reserves (the Goukamma and Dwesa regions), we then used the spatial patterns of production and recruitment to estimate 3 characteristics of the system: (1) how far, on average, mussel larvae in the system disperse (mean dispersal distance), (2) the distance over which larval export from the reserves enhances recruitment to populations outside the reserves (the scale of the larval export effect), and (3) the proportional increase in recruitment in the enhanced regions due to larval export (the magnitude of the larval export effect).
Recruitment: Goukamma: In the Goukamma region, we collected two 100 cm 2 samples of red algal turf, known to be a settlement site for Perna perna larvae (Lasiak & Barnard 1995) , and counted all recruits (< 4 mm) in each turf sample. We also deployed 2 plastic scouring pads (tuffies) as mussel recruit collectors and 2 PVC tiles as barnacle recruit collectors at each sampling site, to provide a standardized substrate for comparison across sites. Barnacles on tiles were counted under a dissecting microscope, and tuffies were rinsed over a 250 µm sieve, and the contents viewed under a microscope. We collected substrate samples and replaced tuffies and tiles at 2 wk intervals during 2 sampling periods, and took the average of the recruitment at both sampling periods.
Dwesa: In the Dwesa region, we deployed 4 nylon brushes as mussel recruit collectors at each sampling location and collected them after 1 mo. The brushes were placed in an ultrasonic bath in a dilute bleach solution, and materials found in the brushes were sorted through a series of sieves. Mussels were counted under a dissecting microscope.
Mapelane: In the Mapelane region, we deployed 3 tuffies and collected three 100 cm 2 samples of 100%-cover mussel bed and three 100 cm 2 samples of algal turf at each sampling location. We rinsed tuffies over a 250 µm sieve after retrieval and counted mussel recruits (< 5 mm) in tuffies and substrate samples using a dissecting microscope. We collected substrate samples and replaced tuffies at 2 wk intervals during 3 sampling periods, and averaged recruitment from the 3 sampling periods.
Estimated mean dispersal scale: To estimate mean dispersal scale in the Goukamma and Dwesa regions, we fit a dispersal model to the spatial pattern of production and recruitment data. We created an array of estimated production values across each study region by recording substrate (sand or rock at Mapelane and Dwesa, and sand, limestone, sandstone bench, or sandstone patch at Goukamma) at 0.016 km intervals using Google Earth, and using average production estimates for each substrate type/protection status combination from our data in each region. Production estimates were continued for at least 100 km beyond the boundaries of each study region to reduce edge effects. We then used non-linear least squares model fitting in R (R Development Core Team 2005) to fit an array of the recruitment data from all sites within each region to an array of predicted recruitment, calculated using the following equation:
(1) where x and y are alongshore locations, R y is recruitment at any location y, z is a scaling factor (accounting for the conversion of our biomass or gonad mass proxies for production to number of larvae produced, and incorporating larval and post-settlement mortality, to convert estimated gonad mass or biomass per unit length of coastline to larval recruitment), P x is production at location x, and k(x,y) is the larval dispersal kernel describing the frequency distribution of larvae from each location x arriving at each location y. Because suitable Perna perna habitat may not always be distributed continuously, we used the double geometric dispersal kernel for a discrete analogue of exponential decay, previously used to model dispersal in marine reserves (Botsford et al. 2001 , Lockwood et al. 2002 , Baskett et al. 2007 : (2) where A is a parameter describing dispersal scale, such that the mean dispersal distance is:
Subtidal and/or inaccessible mussel beds may also contribute to production of mussel larvae, particularly in the Dwesa region, where (owing to its topography and substrate availability) subtidal subsidies are most likely. Therefore, we ran the model with a range of supplemental production, assumed to be homogenously distributed inside and outside the reserve, and
reported the resulting range of dispersal estimates for the Dwesa region. The model was sensitive to varying the amount of subtidal subsidy, although the estimated dispersal scale remained within the same order of magnitude. Because we are unable to calculate or determine robust estimates of production in these subtidal or inaccessible zones, we can use this model only to determine rough estimates of dispersal scale. These rough approximations are probably more appropriate than precise estimates of the mean dispersal scale when sampling is limited, given that dispersal scales of the same species may be highly variable across space and time.
Spatial scale and magnitude of larval export: We defined the spatial scale of the larval export effect as the distance (calculated from the reserve center in one direction) over which recruitment was significantly higher than an estimated background or baseline level of recruitment that would be expected in the absence of larval export from the reserve. We estimated the larval export effect scale as the distance from the reserve center where the one-tailed lower 95% confidence curve on the regression of recruitment by distance intersects background recruitment levels, approximated as recruitment at the farthest site from the reserve, in the absence of actual baseline data for recruitment.
To calculate the magnitude of the larval export effect, we divided total recruitment within the region enhanced by larval export (defined as the region outside the reserve but within the spatial scale of the larval export effect, as calculated above) by total recruitment that would be expected within the same region in the absence of larval export. For any regions with significant larval export from the reserve, we calculated the definite integral of recruitment from the reserve edge to the measured spatial scale of the larval export effect in each region to approximate total recruitment within the region enhanced by larval export. We estimated expected total recruitment in the absence of larval export by multiplying the length of this enhanced region by the baseline level of recruitment, approximated as recruitment at the most distant site from the reserve, as above.
Data analysis. In the Goukamma region, both substrate type and protection status were important factors that varied inside versus outside the reserve and could affect production, while in the Dwesa and Mapelane regions, substrate type was similar at all our sampling sites, and habitat distribution was similar inside and outside the reserves. To separate effects of substrate type and protection status in the Goukamma region, we used a 2-way ANOVA to analyze mussel length, density, and production and barnacle percent cover data from within the sampled habitat. Mussel production data and barnacle percent cover data were square root-transformed to conform to the assumption of normality. Standardized mussel production and barnacle percent cover within the sampled habitat ('local production') were combined with habitat distributions determined from Google Earth to estimate production and percent cover per unit length of coastline. We performed a bootstrap test to determine confidence intervals of these estimates of production (for mussels) and percent cover (for barnacles) per unit length of coastline and determine whether these values were significantly different inside versus outside the Goukamma reserve.
A 1-way ANOVA was used to analyze the effect of reserve protection on mussel length and density data from Mapelane. Mussel production data from Mapelane were square root-transformed to meet the assumption of normality and analyzed with a Welch ANOVA due to heterogeneity of variances. All tests were 2-tailed with an alpha level of 0.05.
For all regions, we tested the relationship between recruitment and distance from each reserve with a linear regression with a natural log transform on recruitment. We used the log transform to determine if exponential decay is a reasonable approximation for the shape of the decline. Recruitment values were averaged across both spatial (subsite) and temporal (tide series) replicates within sites; therefore, their underlying distribution approaches normality. We analyzed the relationship between mussel recruitment and mussel adult density, production, and juvenile abundance with Pearson's product-moment correlation tests.
RESULTS
In the Goukamma region, because both habitat distribution and protection status may have influenced production, we present data on local production (indicating reserve effectiveness) as well as estimated production per unit length of coastline (indicating differences in expected larval production per standard length of coast). Mussel density, length, and production (standardized for substrate) within the sampled habitat, indicators of reserve effectiveness, were significantly higher inside the reserve than outside (density: F (1,186) = 14.72, p = 0.0002, Fig. 2A ; length: F (1,3231) = 28.88, p < 0.0001, Fig. 2B ; production: F (1,186) = 36.63, p < 0.0001, Fig. 3A ). In addition, there was a greater proportion of suitable mussel habitat inside the reserve (46% rocky substrate) compared with outside the reserve (37% rocky substrate). Production per length of coastline, a metric taking into account both production per area of mussel habitat and amount of mussel habitat per length of coastline, was higher inside Goukamma reserve than outside (p = 0.0001, Fig. 4A ). Coincident with these patterns of production, mussel recruitment declined exponentially with distance from the reserve's center (F (1,3) = 30.25, R 2 = 0.910, p = 0.0118, Fig. 4B ). Mussel recruitment was not correlated with adult density (ρ = 0.2517, p = 0.5135) or estimated production (ρ = -0.0347, p = 0.9294) across sites. The mean dispersal scale of mussel larvae in this region was estimated at about 4.4 km (±1 SE interval: 1.6 to 51.9 km). The scale of the larval export effect, estimated from the point where the lower 95% confidence interval of recruitment crossed the baseline recruitment level, was approximately 20 km from the reserve center. Total recruitment within the subsidized region outside the Goukamma reserve was >12 times higher than background levels. In contrast to these results, percent cover of unharvested barnacles showed no differences either within sampled habitat (F (1, 124) = 0.2838, p = 0.5952, Fig. 3B ) or by length of coastline (p = 0.7382, Fig. 4C ), and barnacle recruitment showed no relationship with distance from the reserve (F (1,2) = 0.43, R 2 = 0.178, p = 0.5784, Fig. 4D ). Published data from the Transkei region shows that the Dwesa-Cwebe Nature Reserve, the only protected site in the southern part of the Transkei, harbored 7 times the abundance (Fig. 2E ) and > 22 times the biomass of P. perna compared with nearby exploited sites ( Fig. 4E; Lasiak 1999) . Data from the present study indicate that recruitment declined with distance from the reserve, and this relationship was well described by an exponential decay curve (F (1,3) = 19.41, R 2 = 0.866, p = 0.0217, Fig. 4F ). Mean dispersal distance was estimated as 12.6 km (±1 SE interval: 10.2 to 16.2 km) when accounting only for production at intertidal beds, and ranged as low as 2.4 km when assuming a subtidal production subsidy throughout all the rocky substrate in the region, both inside and outside the reserve, of equal magnitude to the production at protected intertidal beds. As in Goukamma, the larval export effect scale was estimated as 20 km. Total mussel recruitment within the region with enhanced recruitment outside Dwesa-Cwebe was approximately 1.8 times higher than background recruitment levels at more distant sites.
Mussels inside the Mapelane Nature Reserve were less numerous (F (1,188) = 11.31, p = 0.0009, Fig. 2C ) but larger (F (1,3232) = 154.0613, p < 0.0001, Fig. 2D ) than mussels outside the reserve. In contrast to the DwesaCwebe and Goukamma reserves, there was no difference in estimated larval production of mussels inside versus outside the Mapelane reserve (F (1,178.83) = 0.405, p = 0.5252, Fig. 4G ), and there was no relationship between recruitment and distance from the Mapelane Fig. 4H ). As in Goukamma, recruitment across sites in the Mapelane region was not correlated with either local production (ρ = 0.2285, p = 0.6633) or mussel density (ρ = 0.3406, p = 0.5088). On the scale of mussel bed samples (100 cm 2 scale), recruitment was not significantly correlated with adult mussel density (ρ = 0.0958, p = 0.3979).
DISCUSSION

Production, recruitment and the reserve effect
Patterns of recruitment and production within each region support our hypothesis that where larval production is greater inside reserves, recruitment will decline with distance from reserves. For the harvested mussel Perna perna, but not for unharvested barnacles, recruitment declined with distance in the Goukamma and Dwesa regions, where larval production was enhanced by the protection of larger, more abundant adults. The elevated larval production inside reserves and the gradient in recruitment with distance from reserves suggest that larval export subsidizes fished areas. With our method of quantifying larval export, we find that this spillover benefit extends several kilometers from the reserves. The lack of a spatial pattern of recruitment for unharvested barnacles in Goukamma, which were no more abundant inside the reserve than outside, supports the hypothesis that for the harvested mussel, patterns of declining recruitment with distance from the Goukamma and Dwesa reserves are driven by larval export due to protection and subsequently enhanced production in the reserves.
In Mapelane, production was similar inside and outside the reserve despite differences in size structure and density. It is possible that mussels in the Mapelane Nature Reserve grew to larger sizes due to lower mortality rates because of protection, and that the larger sizes led to lower densities inside the reserve through density-dependent competition for space. McQuaid and Lindsay (2007) found that decreased densities of Perna perna at sites with larger mussels compensated for increased size, leading to similar biomass across sites, presumably due to density-dependent competition for space. However, this relationship would not be expected to hold where mussels are severely depleted owing to heavy harvesting. In this study, estimated production was far higher in the Mapelane region than in the Goukamma and Dwesa regions, which is consistent with previously described biogeographic patterns in South Africa (Reaugh 2006) . In addition to the effect of biogeography, high production in this region may reflect relatively low harvest rates outside the reserve. Under a community-based management program in the region, instituted in 1995, local intertidal monitors set harvest quotas, enforce a closed season, and carefully monitor the mussel beds during all spring tides to prevent poaching (Harris et al. 2003) .
With no difference in production inside versus outside Mapelane Nature Reserve, there is no expectation of a gradient in recruitment with distance from the reserve, and we found no spatial pattern in recruitment within the region. Because no reserve effect was found in Mapelane, this region functions as a useful comparison, suggesting that significant declines in recruitment with distance from reserves occur only where strong gradients in production occur. In addition, naturally high levels of larval supply in the region may swamp any effects of among-site differences, causing the relatively low among-site variability in recruitment in this region. In an analysis of a multiyear study of mussel recruitment along the South African coastline, Reaugh (2006) found far higher recruitment rates (as with the production mentioned above) in Kwazulu-Natal, where Mapelane is located, than in the study sites near the Dwesa and Goukamma reserves. Reaugh (2006) proposed that recruitment in this region may be enhanced by high retention of larvae, due to relatively little upwelling (compared with the southern coast where Goukamma is located), and a wider shelf and more embayed coastline than the region where Dwesa is located. Recruitment rates that we measured were consistent with this pattern, although methods differed across regions, and therefore the recruitment rates from our study cannot be directly compared among regions. Without larval supply limitation, microscale variation in larval delivery may be the main factor shaping recruitment patterns in the Mapelane region (McQuaid & Lawrie 2005 , Porri et al. 2006 . In contrast, differences in larval supply due to strongly differential production inside and outside the Dwesa-Cwebe and Goukamma reserves appear to determine recruitment patterns in those areas.
Effects of natural variability
The higher production inside Goukamma Nature Reserve compared with that outside the reserve was a product of both a reserve effect and heterogenous habitat distribution, with a greater proportion of suitable mussel habitat inside the reserve. While the habitat distribution alone is not sufficient to produce the strong decline in recruitment that we detected, the superior habitat within the reserve certainly contributed to differences in production per length of coastline, most likely making the decline in recruitment with distance from the reserve more dramatic. Differences in habitat quality may frequently confound the effects of marine reserves, and explicit consideration of habitat is necessary to account for these effects (Garcia-Charton & Perez-Ruzafa 1999) . The similarity between patterns of recruitment near Goukamma, where habitat was highly patchy, and Dwesa-Cwebe, characterized by continuous rocky habitat, suggests that the declines in recruitment that we detected are driven by reserve effects, and not solely by habitat. This hypothesis is also supported by the lack of a pattern in recruitment for unharvested barnacles in Goukamma, which also rely on rocky habitat for settlement, but were no more abundant inside the reserve than outside.
Mussels settle directly into adult mussel beds, and therefore adult mussel abundance may influence recruitment in 2 ways: (1) by providing settlement habitat, and (2) by influencing larval supply (Erlandsson & McQuaid 2004 , Robinson et al. 2007 ). Robinson et al. (2007) found that with presumed high larval supply, experimental harvesting of adult Mytilus galloprovincialis reduced recruitment by decreasing settlement habitat. In our study, the use of standardized collectors in addition to natural substrate helped to eliminate this potentially confounding factor. In addition, we found no correlation between adult abundance and recruitment, even within our mussel bed samples. The effects described by Robinson et al. (2007) are specific to a species with high recruitment rates in a system where settlement habitat is saturated and larval supply is not limiting, conditions that do not apply in this study. However, the importance of intact adult beds as a settlement substrate suggests that in addition to protecting standing stocks in reserves, sustainable management strategies must include some protections outside reserves to allow exploited mussel populations to recover (Dye et al. 1997) .
Post-settlement mortality may also affect the observed recruitment rates in this study. Because standardized collectors were replaced every 2 wk (tiles and tuffies) to 4 wk (brushes), recruits may have settled in these collectors up to 2-4 wk before they were counted. Similarly, we inferred, on the basis of the size of recruits measured in the natural substrate, that settlement may have occurred up to a few weeks before our in situ recruitment measurements. It is possible that post-settlement mortality affected the results if mortality rates differed among sites, for example, owing to differential predation rates inside versus outside the reserves or density-dependence at settlement. Because it was not possible to measure recruitment on a daily basis or to quantify settlement before post-settlement mortality had an effect, an effect of post-settlement mortality cannot be conclusively ruled out. However, we used standard methods commonly used in explorations of larval supply, and we know of no reason to expect biases among sites in either abundance of predators of new settlers or density dependence at settlement that would lead to the patterns in recruitment observed here. While strong density-dependent mortality rates after settlement could have contributed to the lack of observed pattern in recruitment in the Mapelane region, recruitment in that region was driven almost entirely by very small, very recent settlers and is therefore unlikely to be strongly affected by post-settlement mortality.
A common criticism of marine reserve studies is that without data taken both before and after reserve establishment, it is impossible to determine whether observed spatial differences in abundance result from reserve protection or natural spatial gradients, a particularly important concern if reserves are generally placed in naturally more productive areas (Lester et al. 2009) . No historical data are available to compare spatial patterns of recruitment before and after the establishment of the Goukamma, Dwesa-Cwebe, and Mapelane reserves. However, several attributes of this study suggest that the spatial patterns we detected are not merely artifacts of siting reserves in intrinsically high-settlement areas. First, the reserves sampled here are multi-purpose coastal nature reserves designated to protect a diversity of both terrestrial and marine habitats, and siting is unlikely to be based on the distribution of mussel stocks. In the Goukamma region, according to reserve management, the primary purpose of the marine reserve is to preserve 'marine and estuarine ecosystems that are representative of the warm temperate south coast' and 'the MPA [marine protected area] was not established where it is because of mussel populations and is rather a case of protection leading to a higher biomass ' (M. Prophet, pers. comm) . In Dwesa, the reserve's management plan lists the primary purposes of the nature reserve as the conservation of coastal forests and unique grassland habitat, as well as protection of a marine and estuarine habitat that is important for several collapsed fish stocks, notably including a number of reef fish species and abalone. More generally, a meta-analysis of marine reserve studies that use a Before-After-Control-Impact (BACI) design found no evidence that reserves are typically placed in superior habitat (Halpern et al. 2004) . Finally, it is unlikely that the spatial patterns we detected -i.e. dramatic declines in recruitment with distance from reserves in the 2 regions where production was considerably higher inside reserves, but not in a region where production was no higher in reserves than outside -result from coincidental natural gradients in recruitment rates. While we cannot rule out the possibility that natural spatial gradients contribute to the observed patterns, the replication provided by sampling 3 reserves strengthens our confidence in our conclusions, because recruitment declined with distance only near the reserves that harbored enhanced populations of mussels. In addition, the hypothesis that the declines in recruitment we observed are driven by larval export from reserves is further supported by the finding that barnacles, which are not harvested, were no more abundant inside the reserve than outside, and there was no spatial pattern of barnacle recruitment.
Also, it should be noted that establishment of reserves may have concentrated effort outside the reserves, potentially increasing mortality and decreasing both production and recruitment outside reserves. Without historical data from these regions, we cannot conclusively compare recruitment and production before and after reserve establishment, and this presents the potential for overestimation of what we consider 'baseline' recruitment. However, despite concerns that displaced fishing effort may depress populations outside reserves after the onset of protection, meta-analysis of BACI studies has found no evidence of this effect (Lester et al. 2009 ). Because only sites south (downstream) of both the Dwesa and Mapelane reserves were sampled (Beckley & Vanballegooyen 1992) , the patterns we detected may not necessarily be applicable to sites upstream of reserves. In Goukamma, only one site east of the reserve was included, which similarly limits the ability to extrapolate the results.
Scales of dispersion and larval export effect
In both the Dwesa and the Goukamma regions, the dispersal scales we estimated (12.6 and 4.4 km, respectively) are consistent with our expectations. In particular, they agree with stock-recruitment relationships that suggest self-recruitment in Perna perna on scales of about 10 km (Harris et al. 1998 , Reaugh 2006 , mirror the finding that larvae of the invasive mussel Mytilus galloprovincialis in South Africa generally settled within 5 km of the parent population (McQuaid & Phillips 2000) , and are consistent with recent evidence that coastal mussels in California are retained within 20 to 30 km of source populations (Becker et al. 2007 ). While P. perna are clearly capable of long-distance dispersal events (Hicks & Tunnell 1995) , the mean dispersal scales estimated here are more relevant for population replenishment from harvesting (Kinlan et al. 2005) . Differences in dispersal scales between the 2 areas are not surprising given the local oceanography and coastal topography in each region. The highly embayed coastline and wide coastal shelf near Goukamma, where the estimated dispersal scale is shorter, suggest greater larval retention in the region, and the Goukamma Nature Reserve is located within an embayment (Reaugh 2006) . In contrast, the relatively straight coastline and narrow coastal shelf near Dwesa may facilitate longer-distance larval transport (Reaugh 2006) . However, it is important to note that because subtidal sources of production could not be quantified, the estimates of production along the coastline are only rough approximations. As a result, the dispersal scale estimates, which depend on estimates of production, should be considered only order-ofmagnitude approximations.
Implications for conservation and management
The estimated scale of the larval export effect was similar in Dwesa and Goukamma, about 20 km in each system. It is important to note, however, that this estimate is likely to be more conservative for the Dwesa region than the Goukamma region. Because baseline recruitment levels are not known, we used recruitment at the most distant site in each region as an estimate of baseline recruitment. Near Goukamma, this level of recruitment was very low and may well represent a true baseline. The spatial extent of our sampling around Dwesa was shorter, however, and recruitment even at our most distant site was relatively high given that other studies have found the Dwesa region to have the lowest recruitment levels in South Africa (Harris et al. 1998 , Reaugh 2006 . This suggests that the larval export effect in the Dwesa region may actually extend well beyond the spatial extent of our study.
The existence of recruitment subsidies in these regions has important implications for management of Perna perna in South Africa and species with similar life histories of nearshore planktonic larvae and sessile adults. Prior studies have found that P. perna is recruitment-limited in some parts of South Africa, including Dwesa and Port Elizabeth (near the Goukamma Nature Reserve; Reaugh 2006), suggesting that larval export from these reserves may help support the heavily harvested mussel populations nearby. Due to the widespread and diffuse nature of subsistence harvesting, the challenge of enforcement across broad spatial scales frequently limits the efficacy of traditional management and regulations. Spatial management, which allows managers to concentrate enforcement in closed areas, may be the most tenable strategy for sustaining this resource. More generally, our results indicate that reserves can protect source populations and export larvae to fished areas, which helps provide a buffer against uncertainty in fisheries management (Pauly et al. 2002) , and our results from Mapelane suggest that such larval export benefits vary with natural recruitment rates and fishing pressure outside reserves.
The scale of benefit, however, is tied to the scale of larval dispersal (Hilborn et al. 2004) . Knowledge of the scales of larval dispersal and export is critical to determining the optimal size and spacing of reserves and designing effective reserve networks (Halpern & Warner 2003 , Palumbi 2004 , Sale et al. 2005 . Theoretical explorations have found that for larval export to occur and offset the effects of displaced fishing effort caused by closing an area to fishing, reserves should be no larger than twice the mean dispersal scale (Halpern et al. 2004) . Although reserves are multispecies conservation tools and dispersal scales vary by orders of magnitude among species protected within a single reserve , results from this study suggest that the reserves in South Africa are an appropriate size for allowing larval export of Perna perna to benefit nearby fished areas. Estimates of the scale of the larval export effect from this study and approach can inform future efforts in the design, placement, and evaluation of networks of marine reserves.
Despite the expectation that larval export will occur wherever reserves enhance the production of planktonically dispersed larvae, empirical evidence for larval export has been sparse. Very broad dispersal in some species may obscure the spatial signal of larval export by diluting it over larger distances, or studies may not sample at the appropriate spatial or temporal scale to detect that signal. In addition, any signal of larval export in recruitment data may not appear for many years given the high temporal heterogeneity in productivity and recruitment characteristic of marine populations. In other cases, reserves may be too small relative to the neighborhood sizes of exploited species to contribute significantly to the local or regional larval pool (Palumbi 2004) , and siting reserves in isolated or 'sink' locations may prevent larvae from successfully dispersing from reserves to non-reserve areas (Crowder et al. 2000 , Lipcius et al. 2001 ). Further study is necessary to understand how larval export is affected by species life history, oceanography, and the design and placement of marine reserves. Nonetheless, for a heavily exploited species with pelagic larval dispersal, we have estimated the spatial scale of larval export from effective marine reserves. 
